An analysis of hydrogen peroxide in an aqueous extract of cigarette smoke, which contains many redoxactive compounds, requires a method with high selectivity. An aqueous extract of the particulate phase of cigarette smoke was analyzed by HPLC with an electrochemical detector (ECD). Samples were prepared by collecting the particulate phase of the cigarette smoke on a glass fiber filter and extracting it with a phosphate buffer. The obtained solution was purified by using a Waters Oasis MCX cation-exchange cartridge, and then analyzed by an HPLC-ECD system with a Shodex KS-801 mixed-mode resin column. Pre-injecting hydrogen peroxide at a high concentration into the HPLC instrument stabilized the analytical results. The recovery of hydrogen peroxide by using an extract of the particulate phase of the cigarette smoke was more than 80%. An increase in the amount of hydrogen peroxide was observed during extraction with the phosphate buffer at higher pH values. In contrast, extraction with phosphoric acid did not increase the amount of hydrogen peroxide during extraction.
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Key words: cigarette smoke; hydrogen peroxide; electrochemical detection Such reactive oxygen species as superoxide anion radicals, hydrogen peroxide, and hydroxyl radicals have been detected in an aqueous extract of cigarette smoke. 1, 2) These species have been associated with the biological activities of cigarette smoke.
3) Hydrogen peroxide, among these species, is relatively stable under physiological conditions and has been considered to be a source of hydroxyl radicals inside cells. 4) Hydrogen peroxide has been mainly detected in aqueous extracts of cigarette smoke. [5] [6] [7] The quantitative results reported are in the order of 10 micrograms per cigarette, but the yield strongly depended on the conditions for the sample preparation.
5) It was suggested that hydrogen peroxide was generated during extraction with an aqueous solution, which would be one of the reasons for the variation in quantitative results.
A colorimetric assay is a simple analytical technique for detecting hydrogen peroxide in an aqueous extract of cigarette smoke. 6) However, it should be taken into consideration that the cigarette smoke matrix contains more than 4000 compounds, 8) including redox-active compounds such as phenolics. 9) These compounds would affect the measurement of hydrogen peroxide, since the detection methods generally depend on a redox reaction. Therefore, a process for separating the hydrogen peroxide from these compounds has to be incorporated into the analytical method. A method that included the separation of hydrogen peroxide by HPLC 10) and detection with an ECD has been reported. 11) This method resulted in the retention of hydrogen peroxide by an HPLC column and would be suitable for analyzing the aqueous extract of cigarette smoke. This method was applied in this study to the analysis of a cigarette smoke extract with some improvements made to the robustness of the analytical results. The parameters for sample preparation that would influence the analytical results were also investigated in this study.
Materials and Methods
Materials. Hydrogen peroxide (30%, SSG grade) was obtained from Wako Pure Chemical Industries (Osaka, Japan). The concentration of aqueous hydrogen peroxide was determined by measuring the absorption of a 5 mM solution at 240 nm 12) with a U-1900 spectrometer (Hitachi, Tokyo, Japan). Sodium sulfate (guaranteed reagent grade) was from Sigma-Aldrich Japan (Tokyo, Japan), catalase (bovine liver, lyophilized powder) was from Sigma (St. Louis, MO, USA), and all other reagents were of guaranteed reagent grade.
Oasis MCX (150 mg, 30 mm) solid-phase extraction (SPE) cartridges were supplied by Waters (Milford, MA, USA) and Minisart RC 0.45 mm filters by Sartorius (Tokyo, Japan). Kentucky 3R4F reference cigarettes manufactured by the University of Kentucky (Lexington, KY, USA) were used to obtain cigarette smoke in all the experiments. The cigarettes were conditioned at 60 AE 2:5% relative humidity and 22 AE 1 C for at least 48 h prior to being smoked.
Smoking conditions. The particulate phase of cigarette smoke (generally called 'tar') from three 3R4F cigarettes was collected on a 44 mm glass fiber filter (Borgwaldt, Hamburg, Germany) with an RM20 smoking machine (Borgwaldt). The cigarettes were smoked according to ISO determination parameters 13) which require a puff volume for each cigarette of 35 ml with a duration of 2 s at intervals of 60 s, with an airflow surrounding the cigarette of 200 AE 30 mm/s.
HPLC analysis. The HPLC-ECD apparatus was composed of an 1100 HPLC system (Agilent, Santa Clara, CA, USA) and 1049A ECD (Agilent). Each component was connected with PEEK tubes (Agilent), as based on a previous report. 11) Water was used as the mobile phase and supplied to a Shodex Sugar KS-801 column (8 mm i.d., 300 mm length) at 0.6 ml/min. The column was manufactured by Showa Denko (Kanagawa, Japan), and is a mixed-mode type for sizeexclusion and cation-exchange chromatography. The column was maintained at 50 C. The electrolyte was 250 mM aqueous sodium sulfate with 10 mM EDTA 2Na, which was supplied at 0.15 ml/min, the other HPLC pump being equipped with a sealed washing system. This concentration of aqueous sodium sulfate was required for suitable linearity of the analysis. The mobile phase and electrolyte were pretreated with a VH50P filter from Advantec (Tokyo, Japan) before use. After pre-injecting hydrogen peroxide (see the Results and Discussion section), a sample was injected into the column. The injection volume was 50 ml for all the experiments, except for the initial experiments described in Fig. 1 (25 ml) . The electrolyte, which was passed through a PD2003P damper from Uniflows (Tokyo, Japan), was mixed with the eluate from the HPLC column and supplied to the ECD, which was equipped with a platinum working electrode and an Ag/AgCl reference electrode. The ECD was operated in amperometric mode at þ0:5 V.
Sample preparation. The tar collected on the glass fiber filter was extracted with 15 ml of a 10 mM phosphate buffer or phosphoric acid in a 100-ml Erlenmeyer flask by shaking at 37 C. To evaluate the qualitative and quantitative performance of the method, the tar was extracted with a phosphate buffer at pH 7.4 for 90 min. The extract was filtered with a Minisart RC15 0.45-mm filter (Sartorius, Tokyo, Japan). The HPLC column, which was capable of size exclusion and cation exchange, required water for the mobile phase; therefore, the sample had to be dissolved in water. The extract with the phosphate buffer was not completely analyzed, because such cations as sodium and potassium ions would interfere with the separation in the column. Thus, these ions were removed by passage through an Oasis MCX cartridge. One milliliter of the filtered extract was loaded in the MCX cartridge which had been conditioned with water prior to use. The cartridge was then eluted twice with 3 ml of water, and all the eluent was collected and adjusted to 10 ml in a volumetric flask. Each sample was finally analyzed with the HPLC-ECD system.
Results and Discussion
Effect of pre-injecting hydrogen peroxide When we started this study, the results obtained by the original method 11) showed some instability in the quantitative evaluation of the cigarette smoke extract. For example, no hydrogen peroxide peak could be detected when applying an unused HPLC column, while repeating the injection of hydrogen peroxide at a high concentration, 100 mM for example, gradually increased the peak areas. When hydrogen peroxide at the target concentration was analyzed repeatedly several times, even if a used column was utilized, the peak areas gradually decreased. Thus, the original method did not show sufficient robustness for analysis. This is probably why the method was not applied to other studies in spite of its outstanding selectivity, so the original method required some improvements. We found that the injection of hydrogen peroxide at a higher concentration, for example, 50 times higher than the target concentration, stabilized the peak areas of the subsequently injected samples at the target concentration (Fig. 1) . The concentration of hydrogen peroxide used here should be high enough for stabilizing the peak of the target sample without disturbing the acquisition of the peak. Consequently, 5 mM of hydrogen peroxide was injected before injecting each of the target samples.
Pre-injection with H 2 O 2 stabilized the HPLC column which consists of a polymeric resin and a packaging metal. The possible reason for the stabilizing effect would be that the pre-injected H 2 O 2 temporarily deactivated the resin or the surface of the packaging metal. This deactivation would be removed by the continuous mobile phase. The HPLC system, except for the column, was made inactive to H 2 O 2 by using PEEK tubes for connecting each device and deactivating the system with 6 M HNO 3 . The column could not be deactivated under a strong condition, so 'mild' deactivation by the pre-injection of H 2 O 2 was necessary.
We established from the foregoing data an improved procedure whereby, when a target sample was to be analyzed, approximately 7 min after injecting the higher concentration of hydrogen peroxide, the target sample was injected and analyzed for 25 min (Fig. 2) .
Qualitative and quantitative performance of the method A typical chromatogram of the extract of the tar is shown in Fig. 2 . A peak for hydrogen peroxide from the sample was detected at 18 min. The reported results were 2-4 mg of H 2 O 2 per a milligram of cigarette tar, 5) these being similar to those in the current study.
Adding catalase in various units to this extract, with incubation for 1 min at 37 C, decreased the peak area (Fig. 3) . Since catalase is an enzyme which selectively reacts with hydrogen peroxide and does not react with other compounds which are detected with ECD such as ascorbic acid and phenolic compounds, the result confirmed that the detected peak was specific to hydrogen peroxide.
A calibration curve was drawn daily by analyzing four levels of hydrogen peroxide whose concentration ranged from 6.25 mM to 50 mM. The coefficient of determination of the calibration curve was above 0.999 in each analysis, showing that the calibration curve had appropriate linearity for the quantitative analysis.
To calculae the limit of detection (LOD) and the limit of quantitation (LOQ), hydrogen peroxide at 6 mM was analyzed 10 times on separate days, and the standard deviation of the results was obtained. LOD was determined by multiplying the standard deviation by 3, 14) and LOQ was determined by multiplying the same value by 10. The LOD and the LOQ values were 0.71 mM and 2.36 mM, respectively.
When analyzing an extract of the glass fiber filter without smoking, a small peak was found which corresponded to an amount between LOQ and LOD. Two hundred mM of hydrogen peroxide was repeatedly analyzed as a target sample. Ten mM of hydrogen peroxide was used with the pre-injection technique. The relative peak areas were calculated in comparison with the peak area of the first analysis in each test.
The samples prepared by loading the buffer into the SPE cartridge instead of the extract showed results below LOD.
Recovery studies were performed by (1) adding 17.2 mg of hydrogen peroxide on a glass fiber filter without smoking, (2) loading 16.9 mg of hydrogen peroxide in SPE cartridges, and (3) adding 8.5 mg of hydrogen peroxide as a target amount to the extract of the tar. Experiments 1 and 2 were tested in triplicate. The recoveries were 108.5% (1), 99.4% (2), and 82.0% as an average of the two experiments (3). The stability of the hydrogen peroxide in the procedure for extraction was confirmed by 1, and the stability in the procedures of clean-up and separation was confirmed by 2 and 3.
Repeatability was calculated by analyzing the tar in triplicate in one day. The relative standard deviation (RSD) was from 0.7 to 6.1% in four separate experiments.
Effect of pH of the buffer used for extraction on the yield of hydrogen peroxide
It is known that quantitative results are strongly dependent on the procedure for sample preparation, since hydrogen peroxide is generated during the extraction process from the cigarette smoke. To investigate the effect of pH of the buffer used for the extraction, the tar was extracted at various pH values, and the yield of hydrogen peroxide was analyzed (Fig. 4 ). An increase in the amount of hydrogen peroxide was observed during extraction, and the extraction with the phosphate buffer at higher pH values generated hydrogen peroxide more quickly. The same experiment was performed with 10 mM of phosphoric acid as an extraction solution. In contrast to the experiment with the phosphate buffer, no increase in the amount of hydrogen peroxide during extraction was apparent. This suggests that the amount of hydrogen peroxide in the experiment for extracting with phosphoric acid revealed the amount existing when just starting the extraction process; most of the hydrogen peroxide detected in the extracts at pH 7.4 was 'generated' during the extraction process.
The mechanism for generating hydrogen peroxide in a cigarette smoke extract has not been clarified; autooxidation of polyphenols such as hydroquinone and catechol have been considered to be a source of hydrogen peroxide in cigarette smoke. 15, 16) It has been reported that epigallocatechin gallate, as an example of a polyphenol, generated H 2 O 2 under neutral or basic conditions, but not under pH 5.8. 17) On the other hand, the tar extract generated H 2 O 2 at under pH 5.8. Although hydroquinone and catechol may have contributed to the generation of H 2 O 2 from the tar extract, there is a possibility that compounds other than hydroquinone and catechol generated or accelerated the generation of H 2 O 2 : The generation may also have been influenced by oxygen from the air 5) and the concentration of the tar (data not shown). Clarifying compounds which contribute to generating hydrogen peroxide in a cigarette smoke extract would be important for clarifying the mechanism for generating hydrogen peroxide.
Whether a phosphate buffer at pH 7.4 or phosphoric acid should be used for extracting the tar would depend on the purpose of the analysis. The amount obtained with the phosphate buffer would reflect the amount under more physiological conditions, whereas that obtained with phosphoric acid seemed to explain the generation of hydrogen peroxide during the combustion process of smoking. Whichever condition is used, it is important that the analytical results should be accompanied by the conditions used for the analysis, and that the same conditions should be used in order to compare the yields when using various types of cigarettes. Each data value is an average of three experiments.
